Abstract-Angiotensin-converting enzyme 2 (ACE2) is a carboxypeptidase that cleaves angiotensin II to angiotensin 1-7.
A ngiotensin converting enzyme 2 (ACE2) is the first known homologue of ACE. 1, 2 Although ACE2 cleaves a single residue from angiotensin I, generating angiotensin 1-9, and a single residue from angiotensin II (Ang II) to generate angiotensin 1-7, 1,2 the catalysis efficiency of Ang II to angiotensin 1-7 by ACE2 is much higher than that of angiotensin I to angiotensin 1-9. 3 Crackower et al 4 reported that 3-month-old mice lacking ACE2 (ACE2 Ϫ/y mice) had decreased cardiac contractility and exhibited left ventricle (LV) dilatation, in addition to elevated plasma and cardiac concentrations of Ang II. Another group reported that ACE2 increased angiotensin 1-7 concentrations in failing human heart ventricles. 5 These studies suggest that ACE2 might protect against heart failure by decreasing Ang II concentration. However, the relationship between increased Ang II concentration and impaired heart function in ACE2 Ϫ/y mice is still unknown, because no structural or biochemical changes have been observed in the hearts of ACE2 Ϫ/y mice. 4 Pressure overload and humoral factors are the primary signals driving the development of cardiac hypertrophy and dysfunction. Moreover, pressure overload activates a wide variety of humoral factors in cardiac tissue, including Ang II, 6 endothelin-1, 7 and several peptide growth factors. 8 Locally produced Ang II, perhaps more than circulating Ang II, is a potent stimulator of cardiac hypertrophy, and hemodynamic overload induces cardiac hypertrophy by activating the cardiac renin-angiotensin system. 6, 9 During cardiac hypertrophy, cardiac synthesis of Ang II increases because of the upregulation of cardiac angiotensinogen and ACE gene transcription. 10, 11 ACE inhibitors and angiotensin receptor blockers (ARB) improve pressure-overload-induced cardiac hypertrophy without decreasing arterial pressure. [11] [12] [13] Ang II directly induces hypertrophy of cardiac myocytes and hyperplasia of cardiac fibroblasts without increasing vascular resistance or cardiac afterload. 6, 9 In this study, we induced pressure overload in hearts of ACE2 Ϫ/y mice by transverse aortic constriction (TAC) to assess whether the deletion of the ACE2 gene might enhance the influence of Ang II on the development of cardiac hypertrophy and dysfunction.
Methods

Targeted Disruption of the ACE2 Gene
An expanded Methods section is available in an online supplement available at http://www.hypertensionaha.org.
Pressure Overload by TAC
Twelve-week-old male ACE2 Ϫ/y mice and their wild-type (WT) littermates (ACE2 ϩ/y ) were divided into 3 groups: sham-operation, TAC, and TAC during candesartan treatment. We performed TAC as described previously, by using a 27-gauge needle. 14 Treatment with candesartan was administered in drinking water initiated 1 day before operation and continued for 2 weeks (1 mg/kg per day). Fourteen days after the operation, surviving animals underwent transthoracic echocardiography and cardiac catheterization to determine cardiac function and proximal aortic pressure. After these experiments, the heart and lungs were excised, weighed, and subjected to histological analysis. The study protocol was approved by the Osaka University Institutional Animal Care and Use Committee and was conducted in accordance with National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Cell Culture
Neonatal mouse ventricular myocytes were isolated as described previously. 15 Cardiomyocytes were cultured in M199 (Sigma) supplemented with 10% FBS (Equitech-Bio Inc). After 72 hours, the culture medium was changed to M199 without FBS; 24 hours later, cardiomyocytes were stimulated with 10 Ϫ8 M or 10 Ϫ7 M Ang II for 30 minutes. Control cardiomyocytes were treated with vehicle. After stimulation, cell lysates were extracted for immunoblotting.
Transthoracic Echocardiography and Cardiac Catheterization
Transthoracic echocardiography was performed using an echocardiography system equipped with a 15-MHz transducer (Toshiba Electronics). The echocardiographer was unaware of the genotype of the mice. Closed-chest cardiac catheterization was performed as described previously. 16 A micro-tip catheter (Millar Instruments) was placed in the LV via the right carotid artery under constant pressure monitoring. The catheter position was verified by registration of typical pressure waves with a pressure transducer. Continuous LV pressure and heart rate were recorded using Powerlab software (AD Instruments).
Histological Analysis
LV and lung tissue were fixed in 10% formalin, embedded in paraffin, and sectioned with a microtome. Tissue sections were stained with hematoxylin/eosin or Masson trichrome stain. 16 Quantitative Real-Time RT-PCR LV was isolated from cardiac tissue and was quickly stored in an RNA stabilization reagent (RNAlater, Qiagen Inc); RNA was purified using an RNA isolation protocol (SV Total RNA Isolation System, Promega Inc). A TaqMan Gold RT-PCR kit was used according to the manufacturer's instructions (Applied Biosystems). Quantitative PCR was performed using real-time detection technology and analyzed on a model 7900 Sequence Detector (Applied Biosystems) with specific primers and fluorescent probes for ACE, ACE2, Ang II type 1a (AT 1 a) receptor, brain natriuretic peptide (BNP), and atrial natriuretic peptide (ANP) mRNAs (TaqMan Gene Expression Assays, Applied Biosystems). Levels of mRNA were compared at various time points after normalization to concurrent 18s rRNA amplification.
Protein Analysis
Whole cell extracts of LV tissue were separated by SDS-PAGE, and proteins were electrophoretically transferred to nitrocellulose filters. The filters were blocked in Tris-buffered saline solution containing 1% Tween 20 and 5% nonfat dried milk. The filters were washed and incubated with primary antibodies. Primary antibodies were purchased from the indicated sources: rabbit polyclonal anti-ACE2 antibody (Santa Cruz Biotechnology); mouse monoclonal anti-␣ actinin antibody (BD Biosciences); rabbit polyclonal anti-phosphorylated extracellular signal-regulated protein kinase (ERK) antibody, rabbit polyclonal anti-phospho ERKs antibody, rabbit polyclonal anti-c-Jun amino-terminal kinase (JNK) antibody, and rabbit polyclonal anti-phospho JNKs antibody (Cell Signaling Technology). Filters were thoroughly washed in Tris-buffered saline solution containing 1% Tween 20 and incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibody (Amersham Pharmacia Biotech Inc). Bands were visualized using an enhanced chemiluminescence system (Amersham Pharmacia Biotech Inc).
Plasma and Heart Ang II Content
Plasma was collected in tubes containing PMSF (final concentration 2.5 mmol/L) and EDTA (final concentration 1 mmol/L). After adequate perfusion with heparinized saline, the isolated LV was dissected and then stored at Ϫ80°C until measurement. Each frozen heart was homogenized on ice in 0.9% saline/0.1 mol/L HCl containing 0.1 mol/L aprotinin. Using the Bradford protein assay with bovine serum albumin as a standard (BioRad Protein Assay Reagent, BioRad Laboratories), the total protein content of an aliquot of the homogenate was determined. Peptide extraction was performed as described previously. 17 We measured Ang II concentration by radioimmunoassay using 2 antibodies specific for Ang II (SRL Co). This antibody does not have cross-reactivity to angiotensin 1-7.
Kaplan-Meyer Analysis of Cardiac Death
To determine the effect of TAC on cardiac death, 15 ACE2 Ϫ/y mice and 15 WT mice were subjected to TAC. These mice were housed separately for 1 month after TAC. After the mice died, their lungs were weighed to determine the presence or absence of congestive heart failure. We defined lung weight:body weight (LW/BW) higher than mean ϩ4 SD in sham-operated ACE2 Ϫ/y and WT mice as the criteria for pulmonary congestion according to previous work. 18 We defined death with pulmonary congestion as cardiac death.
Statistical Analysis
Data were analyzed with Stat View version 4.51 and are presented as meanϮSEM. Statistical analysis was performed by 2-tailed Student t test, 2 analysis, and ANOVA where applicable. Multiple group comparison was carried out by ANOVA with Fisher post-hoc comparison. Log-rank test was used to evaluate survival rate. A value of PϽ0.05 was considered statistically significant.
Results
Expression of ACE2 Protein and mRNA in ACE2
؊/y Mice and WT Mice ACE2 protein was not detected by immunoblotting protein lysates from ACE2 Ϫ/y mice and in WT mice. Expression of ACE2 protein was not altered by TAC with and without candesartan in WT mice ( Figure 1A ). Expression of ACE2 mRNA in WT mice, as analyzed by real-time PCR, was also not altered by TAC or by TAC with candesartan ( Figure 1B ).
Hypertrophic Response of ACE2
؊/y Mice to TAC Fourteen days after TAC, the ratio of heart weight:body weight (HW/BW) in WT mice was increased by 33% from 4.8Ϯ0.3 mg/g to 6.4Ϯ1.2 mg/g. In ACE2 Ϫ/y mice, HW/BW increased by 51% after TAC, from 4.7Ϯ0.2 to 7.1Ϯ1.4 mg/g. HW/BW after TAC in ACE2 Ϫ/y mice was greater than that in WT mice, suggesting that the development of hypertrophy is enhanced by ablation of ACE2 ( Ϫ/y mice exhibited decreased myocyte number, myofibrillar disarray, and interstitial and perivascular fibrosis after TAC. Original magnification was ϫ200.
candesartan administration was not statistically significant ( Figure 2A ).
Histological analysis of LV tissue of ACE2 Ϫ/y and WT mice was performed 14 days after TAC ( Figure 2B ). Compared with WT mice, ACE2 Ϫ/y mice exhibited obvious LV dilatation, a myofibrillar disarray, and interstitial and perivascular fibrosis after TAC. Administration of candesartan attenuated the fibrosis and relatively preserved the myofibrillar architecture in ACE2 Ϫ/y mice after TAC. Figure 3A shows typical echocardiographic findings in ACE2 Ϫ/y mice and WT mice. Whereas LV wall thickness after TAC was comparable in ACE2 Ϫ/y mice and WT mice, ACE2 Ϫ/y mice after TAC exhibited larger LV diastolic dimension and LV systolic dimension than did WT mice after TAC ( Figure 3B ). In addition, ventricular contractility was decreased in ACE2 Ϫ/y mice after TAC, with a fractional shortening of 31%, compared with 36% in WT mice. Administration of candesartan decreased LV chamber dilatation and contractile dysfunction in ACE2 Ϫ/y mice after TAC. Hemodynamic analysis revealed a decline in LV dP/dt, an indicator of LV contractility, in ACE2
Ϫ/y mice after TAC ( Figure 3B ). Candesartan did not lower systolic LV pressure in either ACE2 Ϫ/y mice or WT mice that underwent TAC. There were no differences in HW/BW, echocardiographic data, hemodynamic status, and cardiac morphology between sham-operated ACE2 Ϫ/y and WT mice.
Heart Failure in ACE2 ؊/y Mice After TAC Pressure overload induced congestive heart failure, as manifested by an increase in lung weight ( Figure 4A ). LW/BW (mg/g) 14 days after TAC was higher in ACE2 Ϫ/y mice than in WT mice ( Figure 4B ). Administration of candesartan decreased LW/BW in ACE2 Ϫ/y mice, and no significant difference in LW/BW was found between candesartan-treated TAC mice and sham-operated mice ( Figure 2B ). After TAC, the incidence of pulmonary congestion was 46% (7 of 15) in ACE2 Ϫ/y mice, which was higher than the 13% (2 of 15) in WT mice (PϽ0.05).
In survival analysis, 5 of 15 WT mice and 10 of 15 ACE2
Ϫ/y mice died within 30 days of TAC. Three mice in each group died within 48 hours of TAC without pulmonary congestion.
We diagnosed cardiac death with pulmonary congestion in Ϫ/y mice. The Kaplan-Meyer analysis showed that the incidence of cardiac death was significantly high in ACE2 Ϫ/y mice compared with WT mice ( Figure 5 ).
Gene Expression in ACE2
؊/y Mice After TAC Pressure overload leads to a variety of alterations in cardiac gene expression. We used real-time, quantitative RT-PCR to assess the expression of hypertrophic marker genes in mice after TAC. In both WT and ACE2 Ϫ/y mice, BNP and ANP expression was increased 14 days after TAC ( Figure 6A and 6B). BNP, which is highly sensitive for detecting overt heart failure with decompensated left ventricular function, 19 was more distinctly increased in ACE2 Ϫ/y mice than in WT mice after TAC. Administration of candesartan attenuated ANP and BNP expression after TAC in ACE2 Ϫ/y mice ( Figure 6A  and 6B) .
We also measured cardiac expression of ACE and ATB 1B a receptor. ACE gene expression was upregulated by TAC and was attenuated by administration of candesartan in WT mice, as reported previously ( Figure 6C ). 10, 20 A similar alteration of the ACE gene by TAC or administration of candesartan was observed in ACE2 Ϫ/y mice. ATB 1B a receptor gene expression was comparatively high in sham-operated ACE2 Ϫ/y mice and was downregulated by TAC ( Figure 6D ). Administration of candesartan did not affect AT 1 a receptor expression.
Ang II Concentration in ACE2
؊/y Mice
In our study, there were no differences in plasma and LV Ang II concentration between sham-operated ACE2 Ϫ/y and WT mice ( Figure 7A) 
Analysis of Mitogen-Activated Protein Kinase Activation in ACE2
؊/y Mice After TAC
We analyzed activation of mitogen-activated protein (MAP) kinases in LV tissue in response to pressure overload. ERKs and JNKs increased in LV tissue from both WT and ACE2 Ϫ/y mice 2 weeks after TAC ( Figure 7B ). The activation of ERKs and JNKs was higher in ACE2 Ϫ/y mice than in WT mice after TAC. In both ACE2 Ϫ/y and WT mice, the activation of ERKs and JNKs was reduced by administration of candesartan, suggesting that activation of these MAP kinase cascades is regulated by AT 1 receptor-mediated signal transduction.
Analysis of Ang II-Induced MAP Kinase Activation in Cardiomyocytes From ACE2 ؊/y Mice
To determine the role of Ang II-mediated signal transduction in ACE2 Ϫ/y mice, we stimulated cardiomyocytes with Ang II for 30 minutes and analyzed the activation of ERKs and JNKs by Ϫ/y mice and 15 WT mice. These mice were housed separately until 1 month after TAC, and the presence of congestive heart failure was confirmed after death. assessment of the phosphorylation of these kinases (Figure 8 ). Treatment with Ang II increased ERK and JNK phosphorylation in the cardiomyocytes of both WT and ACE2 Ϫ/y mice in a dose-dependent manner. Although the phosphorylation of ERKs and JNKs was similar in the cardiomyocytes of WT and ACE2 Ϫ/y mice treated with vehicle, the increase in ERK and JNK phosphorylation of the cardiomyocytes after treatment with Ang II was greater in ACE2 Ϫ/y mice than in WT mice.
Discussion
In the present study, we demonstrated that ACE2 Ϫ/y mice develop severe cardiac hypertrophy with a reduction in cardiac contractility and dilatation of the left ventricular cavity in response to pressure overload. Morphologically, their hearts exhibited marked perivascular and interstitial fibrosis and disarray. These results suggested that disruption of ACE2 function might accelerate cardiac hypertrophy and shorten the transition period to heart failure in response to pressure overload. Indeed, 2 weeks after TAC, ACE2 Ϫ/y mice began to exhibit heart failure that led to death within 1 month.
What is the main mechanism accelerating pressure-overload-induced cardiac remodeling and dysfunction in ACE2 Ϫ/y mice? Because administration of an ARB attenuated the onset of cardiac failure in ACE2 Ϫ/y mice that underwent TAC, ACE2 may function as a cardioprotective enzyme against pressure overload by decreasing AT 1 receptor-mediated signal transduction. Pressure overload activates the cardiac renin-angiotensin system and increases local Ang II concentration. 10, 11 Our experiments also demonstrated that both serum and cardiac concentrations of Ang II were increased by TAC, and the rise in intracardiac Ang II was higher in ACE2 Ϫ/y than in WT mice. Because it has been demonstrated that the catalysis efficiency of Ang II to angiotensin 1-7 by ACE2 is much higher than that of angiotensin I to angiotensin 1-9, 3 the large rise in Ang II concentration in ACE2 Ϫ/y mice after TAC may be mainly because of the block in conversion of Ang II to angiotensin 1-7.
Although stretching of neonatal cardiomyocytes results in upregulation of the AT 1 receptor, AT 1 expression is reduced in the chronic phase of pressure overload after TAC; this reduction results from the negative regulation of AT 1 expression by Ang II. 21 Similar mechanisms might be present in our study: increases in Ang II induced by pressure overload might downregulate AT 1 receptor expression in ACE2 Ϫ/y mice that underwent TAC. Consistent with a previous report suggesting that cardiac expression of ACE is increased in response to pressure overload, ACE expression in response to TAC showed an increase in both WT and ACE2 Ϫ/y mice. 20 There is abundant evidence that ERKs and JNKs, the family of MAP kinases, are involved in Ang II-mediated activation of early growth response genes and cell proliferation in cardiomyocytes. 22, 23 Mechanical stretch also activates the ERK and JNK signaling pathways through activation of AT 1 receptor. 24 Our studies in primary cell culture revealed that MAP kinase activation in response to Ang II was greater in cardiomyocytes of ACE2 Ϫ/y mice than in those of WT mice. These data suggest that ACE2 degrades Ang II, reversing the activation of MAP kinases. However, as mechanical stretch activates various kinds of humoral factors in addition to Ang II, regulation of the activation of intracellular signal transduction in mechanical stretch is more complicated than stimulation with Ang II alone. Recent experiments using mice lacking AT 1 receptors demonstrated that activation of protein kinases was evoked without involvement of the AT 1 receptor in pressure-overload-induced hypertrophy. 25, 26 In our study, pressure overload increased the activation of MAP kinases to a greater extent in cardiac tissue from ACE2 Ϫ/y mice than from WT mice. Furthermore, administration of candesartan attenuated the activation of these kinases in ACE2
Ϫ/y mice, indicating a role for the receptor in their activation.
Zou et al 27 reported that mechanical stress activates the AT 1 receptor independent of Ang II, suggesting that the AT 1 receptor can function as a mechanical sensor and convert mechanical stress into biochemical signals in cells. Candesartan is reported to block this stretch-induced activation of the AT 1 receptor by serving as an inverse agonist. 27 Therefore, it is impossible to distinguish between the effect of candesartan as an inverse agonist on AT 1 receptor and its inhibition of Ang II on pressure overload-induced hypertrophy in ACE2 Ϫ/y mice. However, because the degree of aortic constriction was the same in ACE2 Ϫ/y and WT mice, mechanical stress on cardiomyocytes that results in ligandindependent activation of AT 1 receptor ought to be the same in both groups after TAC. Thus, our results indicate that excessively increased cardiac Ang II plays a primary role in the activation of signal transduction in pressure overloadinduced hypertrophy of ACE2 Ϫ/y mice. In this study, there were no differences in left ventricular function and cardiac morphology between sham-operated 
ACE2
Ϫ/y and WT mice. Moreover, plasma and cardiac concentrations of Ang II were comparable between sham-operated ACE2 Ϫ/y and WT mice. These observations are somewhat different from those of a previous study by Crackower et al, 4 who demonstrated by echocardiography that 3-month-old mice lacking ACE2 had impaired cardiac contractility. They also reported that plasma and cardiac concentrations of Ang II were elevated in mice lacking ACE2. Another group reported that there were no differences in left ventricular function and plasma Ang II concentration between 1-year-old ACE2 Ϫ/y and WT mice. 28 The reasons for these differences are still unclear.
Study Limitations
We demonstrated an important role of ACE2 to catalyze activated Ang II in the pressure-overloaded heart. In contrast, we could not detect the role of ACE2 to catalyze Ang II in sham-operated ACE2 Ϫ/y and WT mice, although ACE2 mRNA and protein levels in the heart were similar to those in mice with TAC operation. It may be a possible reason that levels of Ang II, a substrate of ACE2, in mice without TAC were close to the detectable limit by radioimmunoassay. Therefore, difference of cardiac Ang II between ACE2 Ϫ/y and WT mice without TAC might be masked by considerable variation of the data. ACE2 causes several biochemical changes in addition to catalyzing Ang II. 2, 3 There are several reports suggesting that angiotensin 1-7 acts as a cardioprotective agent. 29, 30 However, it is unlikely that angiotensin 1-7 contributes as a major molecule to the differences between WT and ACE2 Ϫ/y mice after TAC, because most of those differences were eliminated by candesartan, an AT1 blocker, and angiotensin 1-7 does not bind to AT1 receptor. However, we cannot deny the role of angiotensin 1-7 in the difference between WT and ACE2 Ϫ/y mice, because we have not performed the experiment using specific antagonist for angiotensin 1-7. Furthermore, the loss of the ability of ACE2 to catalyze several kinds of humoral factors other than Ang II may contribute to the phenotype of ACE2 Ϫ/y mice: ACE2 hydrolyzes apelin-13, dynorphin A 1-13, and des-Arg-bradykinin with high catalytic efficiency in vitro. 3 The functions of their hydrolytic products in cardiac tissue are also undetermined. Additional investigations will be required to determine the role of these factors in pressure overload.
Perspectives
The present study demonstrated that ACE2 might suppress the development of cardiac hypertrophy and congestive heart failure induced by pressure overload. Our results exhibit the definite role of ACE2 that suppresses the activated Ang II in vivo.
Recently it was recognized that organ distribution of ACE2 is more ubiquitous than previously expected. 31 The tissue reninangiotensin system is considered to have an important role in several organs, such as blood vessel, brain, adipose, and kidney, as well as heart. The role of ACE2 in such organs is still unknown. Functional analysis of ACE2 in these organs will, furthermore, clarify the significance of this enzyme in vivo.
